similarity with other AAA proteins, which are presumably Present address:
one HslU subunit; Figure 1B shows the carboxy-terminal In the HslU hexamer, there is a cleft between the N space between them. This model has been difficult to and C domains of the protomers. In HslV, a pair of helices reconcile with electron microscopy data that envision a protrude from each protomer on the top and bottom more compact structure (Missiakas et al., 1996 ; Rohr-(apical) surfaces of the dodecamer. In our HslUV comwild et al., 1997), and how this complex participates in plex, the apical helices of HslV protomers bind in the the ATP-dependent proteolytic reaction cycle has not cleft between the N and C domains of HslU protomers become apparent.
to form a double-capped complex; the ATP binding We have crystallized and solved the structure of an "rings" of the HslU hexamers are in intimate contact HslUV complex from H. influenzae, whose HslU and HslV with the HslV protease, and the I domains extend outproteins share approximately 80% amino acid sequence ward from the complex ( Figure 2B ). identity with their E. coli counterparts. In addition, we
The overall dimensions of the complex are: the HslV have carried out small angle X-ray scattering (SAXS) dodecamer is ‫57ف‬ Å high and ‫011ف‬ Å in diameter. The experiments on HslUV to determine its structure in solurings of the HslU hexamers are ‫04-53ف‬ Å high and tion. These studies reveal an alternative quaternary ‫521ف‬ Å in diameter, giving a net height of ‫051ف‬ Å for structure for the HslUV complex under conditions where the complex before the I domains are included. The peptidase assays confirm that it is active. portion of the I domains that we have been able to build in these crystals extend ‫02-51ف‬ Å above the HslU rings. The overall shape of the HslUV complex is similar to Results that of side views that are seen with negative staining by electron microscopy; the overall dimensions agree Quaternary Structure of HslUV in Crystals to within 10% with those reported from electron microsWe have solved the structure of the H. influenzae HslUV copy images (Kessel et al., 1996; Rohrwild et al., 1997 ). complex to 3.4 Å using molecular replacement and subsequent rebuilding with models for HslV and HslU that have been refined independently to 1.9 Å and 2.3 Å ,
Quaternary Structure of HslUV in Solution
In the course of developing a purification protocol for respectively (Table 1) . Representative F o -F c omit maps are shown in Figure 1 ; Figure 1A shows a well-ordered HslUV, we found that in the presence of 1 M KCl, HslU and HslV proteins coelute as a large complex (Ͼ600 region of the structure, specifically an ATP bound to tion of one relative to the other by ‫3ف‬Њ, (2) the carboxyterminal 14 residues of HslU, which form a short, wellordered loop and helix that bind to the C domain in Peptide Hydrolysis Activity of HslUV in Solution and in Crystals uncomplexed HslU (red segment in Figure 5A ) distend to give an extended linker and a short helix that binds In order to verify that the H. influenzae HslUV protein used in these studies was enzymatically active, material between HslV protomers (blue segment extended from HslU in Figure 5A ), and (3) the pair of apical helices on purified by recrystallization was redissolved and assayed for peptidase activity using a small chromogenic the HslV protomer that bind to HslU are shifted substantially, in a manner that propagates a conformational peptide as a substrate (described in Experimental Procedures). The specific peptidase activity of our HslUV change from the apical surfaces to the active site clefts of the HslV protease (yellow and blue segments of HslV was 0.7 (nmol min Ϫ1 g Ϫ1 ), which compares well with the reported values for the activity of E. coli HslUV, 0.27 in Figure 3A structure relies on the fact that, with the exception of between subunits of HslV, as shown in Figures 5A and 5B. The extended linker appears to be flexible; its contithe carboxy-terminal 14 residues of the HslU protomers, the structure was built by making adjustments to wellnuity is clear, but it differs from one subunit to the next, and in many subunits, it appears to have multiple conforrefined models of the HslV and HslU protomers, which yields a substantially more accurate model than de novo mations. The carboxy-terminal Leu-444 residue of HslU is clearly distended from the helix (data shown in Figure  model building into a 3. 
Å map.)
It became apparent in the early stages of model re-1B); the terminal carboxyl group forms a salt bridge with Lys-28 of one HslV protomer, while the guanidinium building that the carboxy-terminal 14 residues of the HslU model used in molecular replacement did not agree group of Arg-35 of the same HslV protomer hydrogen bonds to the peptide backbone. A hydrophobic surface with the electron density maps, and that the penultimate helix of HslU emerges into an extended segment of of the short terminal helix of HslU binds a hydrophobic pocket of a neighboring HslV protomer. Notably, within polypeptide that terminates in a short helix sequestered position (while in E. coli ClpA, threonine is found in one ATP binding domain and asparagine in the other), presenting an ambiguity regarding the role of this motif in sensing and modulating ATP hydrolysis in this case. However, it is provocative to consider that the "clustering" and the interdomain interactions of the P loop and sensor I motif of the N domain of HslU, a segment of polypeptide in the C domain, and the apical helices of HslV, may be mandated by an imperative for coupling ATP binding and hydrolysis to assembly of the complex and activation of the protease; determining whether or not this is the case will require further study.
The shift in the apical helices of HslV propagates to the active site region. Specifically, the segment of poly- half, (chains M-R and S-X for HslV and HslU, respectively), and unusual twinning, or "one dimensional disorder", which will be decycles of positional and group B factor refinement followed by rescribed elsewhere (C. B. T. and D. B. M., unpublished data) ; in building were performed until the R free showed no further improveaddition, the I domains of the HslU protomer, constituting ‫%72ف‬ of ment. Final model statistics are summarized in Table 1 . the molecule, are disordered and cannot be traced; both of these A final check of the model was made with the 4.0 Å data from factors have affected the refinement statistics: R cryst ϭ 0.266, R free ϭ the HslUV crystals grown with SeMet-labeled HslU. The model was 0.288, rmsd of bond lengths ϭ 0.006 Å , rmsd of bond angles ϭ subjected to rigid body and positional refinement against the SeMet 1.14Њ. The Haemophilus HslV and HslU protomers show no major data-necessitated because of the slightly different unit cell of the differences in tertiary structure from the published E. coli structures; SeMet-labeled crystals-and an anomalous difference Fourier map we have used them rather than the E. coli structures for molecular was computed. Of the 54 methionines modeled in the upper HslU replacement since (1) the protein source and amino acid sequences hexamer, the sulfur atoms of 45 of them overlapped with peaks of are identical to those of the HslUV complex, and (2) the H. influenzae height 3 or greater in the map, and six more were within ‫1ف‬ Å of structures provide more precise initial models since they are refined a peak 2.5 or higher, confirming that the model is correct. Not to higher resolution. surprisingly, fewer peaks were apparent in the lower HslU hexamer, A self-rotation function computed with native data was consistent due to its greater static disorder in the crystal; six methionines with 622 noncrystallographic symmetry (NCS) for the U 12 V 12 complex, coincided with peaks 3 or higher, and ten more were near peaks with the 6-fold axis nearly parallel to the crystallographic c axis. 
